A large amount of debris was generated by the co-seismic mass wasting associated with the 12 2008 Mw 7.9 Wenchuan earthquake. The abundance of this loose material along the slopes 13 caused more frequent debris flows, triggered by less intense and/or shorter rainfalls. However, 14 both the triggering rainfall and the debris flow frequency seem to have normalised 15 progressively during the past decade. Although changes of rainfall thresholds for post-seismic 16 debris flows were recorded after several major earthquakes, the factors controlling these 17 changes remain poorly constrained. With the aid of a virtual experiment, we investigate the 18 roles of material depletion, grain coarsening and revegetation of the co-seismic debris on the 19 propagation and deposition of debris flows initiated by runoff, as well as their influence on the 20 triggering rainfall thresholds. We employ a Geographic Information System (GIS)-based 21 simulation of debris flow initiation by runoff erosion, which we first calibrate on the 14 th 22
Introduction 33
The 2008 Mw 7.9 Wenchuan earthquake (Sichuan, China) triggered a great number of 34 co-seismic landslides (Fan et al., 2018b; Huang and Fan, 2013) , many of which were later 35 remobilised into catastrophic debris flows triggered by rainfalls (Tang et al., 2011) . A sharp 36 increase of the frequency of debris flows was observed soon after the earthquake (Domènech 37 et al., 2018; Fan et al., 2018b Fan et al., , 2018a Fan et al., , 2018c Huang and Fan, 2013) in combination with a 38 reduction of the debris flow-triggering rainfall thresholds (Guo et al., 2016b (Guo et al., , 2016a . However, 39 debris flows frequency and rainfall thresholds in the Wenchuan earthquake-struck area seem 40 to have normalised already , following a decay similar to that 41 observed in other mountainous regions hit by strong earthquakes (Hovius et al., 2011; Marc et 42 al., 2015) . 43 Kean et al. (2013) grouped the debris flows initiated by runoff into two categories: mass 44 failure of the channel sediment by sliding along a discrete failure plane and grain-by-grain 45 bulking by hydrodynamic forces (runoff erosion). Investigations carried out so far, and 46 discussed in the following paragraphs, suggest that the evolution of debris flow activity is 47 deposition widths over time , and has been reproduced by numerical 57 simulations of debris flows (van Asch et al., 2014) . These led the authors to conclude that 58 rainfall thresholds increase after successive rain events as a result of a depletion of erodible 59 material in the channels. Nevertheless, the frequency of debris flows decreased significantly in 60 the Wenchuan earthquake-affected area even though most of the co-seismic debris is still in 61 place (Domènech et al., 2018; Fan et al., 2018c) . 62
The preferential washing away of the finest particles and the consequent progressive 63 coarsening of the debris flow material observed in the Wenchuan earthquake-affected area 64 has been linked with the decreasing runout and deposition distances ( While independent studies investigated the effects of the aforementioned processes 85 individually, a comparative quantification of their role is lacking. By means of a virtual 86 experiment, here we analyse the role of material depletion, grain coarsening and revegetation 87 of the co-seismic debris at catchment scale. We compare their influence on the propagation and 88 deposition of debris flows, initiated by runoff, as well as on the rainfall thresholds. Even though 89
we use a site-specific setting as our baseline, we follow the input of Weiler and McDonnell 90 (2004, 2006) , who proposed the use of virtual experiments for a systematic examination of the 91 first-order controls on complex and coupled hydro-mechanical processes. Virtual experiments, 92 defined as numerical experiments with a model driven by collective field intelligence, can allow 93 to assess the main and essential process constraints, whereas the irregular bedrock and surface 94 topography and the spatial variability in soil properties make the isolation of causes and effects 95 challenging in field studies (Weiler and McDonnell, 2006 the River Min was assumed to be flowing below 895 m a.s.l. (Ouyang et al., 2015) . 212
Effects of material depletion, grain coarsening and revegetation 213
In order to analyse the effect of the decreasing availability of erodible material due to 214 successive debris flows events in the catchment, the parameters calibrated through back 215 analysis were kept unchanged, while the output of one simulation was used as the input for the 216 next simulation. For simplicity, and to eliminate the effect of rainfall variability, we kept using 217 the 14 th August rainfall pattern in all simulations. We repeated the simulations until the runoff-218 refers to the amount of rainfall, within a given period of time, necessary to generate a debris 260
Results 262

Model calibration 263
The best-fit model parameters used during the calibration at Hongchun gully are listed 264 in Table 1 . 50 , * , , , , and have been taken from the literature as specified 265 below. On the other hand, , .were calibrated by back analysis. Assuming a high proportion 266 of small particle content in the co-seismic deposits of the Wenchuan earthquake (between 2% 267 and 26% (Wang et al., 2017) , the grain size distribution obtained by Hu et al. (2017) in a co-268 seismic deposit from Wenjia gully, which range from 0.1 to 22% of small particle content, has 269 been used. Therefore, a 50 of 1.9 mm of the source material that corresponds to the maximum 270 percentage of small particle contents (22%), i.e. the co-seismic situation before the erosion 271 at the outlet of the catchment, blocking the River Min (Fig. 3a) . gully, that the code is not able to simulate, and which increased the flow discharge, the 325 transported debris volume (Tang et al., 2011 ) and consequently, its velocity and capacity of 326 erosion. This effect was already observed during the calibration of the model when increasing 327 the non-dimensional coefficient of erosion rate (Fig. 2a-c) . The total volume simulated on the 328 depositional fan is about 6.5 x 10 5 m 3 from which, about 5.7 x 10 5 m 3 reached the river with a 329 maximum thickness of 17 m (Fig. 3b) . There is an underestimation of the material deposited in 330 the fan of about 9% with respect to the one mapped by Tang 
Effects of material depletion, grain coarsening and revegetation on the debris flow 347 volumes 348
Regarding the material depletion, the volumes of debris flow triggered in 5 successive 349 simulations, accounting for the erosion of the co-seismic deposits after each simulation, are 350 presented in Fig. 4a . The largest events were generated during the first three simulations, where 351 648,431 m 3 , 631,560 m 3 and 609,605 m 3 were deposited at the depositional fan, consecutively. 352
Then, for the following two simulations, the eroded material decreased dramatically until no 353 erosion occurred during the fifth simulation. In general, most of the erosion was given in the 354 main channels where a larger amount of accumulated water is present (Fig. 5) . The amount of 355 material evacuated from the catchment after four simulations represents only the 25% of the 356 total co-seismic landslides triggered by the earthquake (Table 2) . Therefore, there is still a 75% 357 of material remaining along the hillslopes that is not mobilized as debris flow under the chosen 358 input rainfall event. In this case, since the erosion is mostly given in the main channels, once 359 the material has been washed away, the runoff in the remaining deposits is not enough to 360 generate a debris flow. However, in other settings (e.g. Zhang and Zhang, 2017) , it is likely 361 that the erosion of the debris deposits toes that are located in steep slopes induce an instability 362 in the whole deposit, providing additional material to the main channel that could enlarge the 363 final total volume or contribute to the next simulation. 364 365 Table 2 . Results obtained during the simulation of the material depletion. Each simulation was 366 computed using the remaining material in the loose deposits that was not eroded in the previous 367 one. The debris flow at the depositional fan and the accumulated loose material evacuated from 368 the catchment after each simulation are listed. The influence of the grain coarsening is shown in Fig. 4b . With the decreasing of the 384 small particles content (dimension smaller than 0.5 mm), and consequent increase of 50 , 385 and (Fig. 6) , there is a reduction of the total volume of debris flow. From a content of small 386 particles of 22% to a content of 18%, the simulated volume at the depositional fan decreases 387 from 648,431 m 3 to 602,556 m 3 (Table 3) . With the content decreasing to 16%, 14% and 12%, 388 the volume decrease becomes more pronounced, down to a minimum amount of just 51,511 in the Wenchuan earthquake-affected area is a rapid process that might be completed in less 411 than two years, and 2) this process produces an increase of the critical rainfall thresholds after Table 3 . and used for each small particle content (dimension smaller than 0.5 mm) (Fig.  415   5) . The resulting simulated volume at the depositional fan is shown. Figure 6 . Relationship between the content of small particles (dimension smaller than 0.5 mm), 419
(at a given relative density (Hu et al., 2018) ) and : this relationship has been used to 420 simulate the effect of the grain coarsening (Fig. 4b) . 421
The effects of the vegetation restoration over time (2010, 2013 and 2015) The curves have been built by interpolating simulated rainfall events, with a given 457 intensity and duration, and considering whether they produced a debris flow at the depositional 458 fan or not. The effect of the antecedent rainfall has not been considered in the analysis directly: 459 it can influence the initial moisture content, especially for the short and intense events just 460 before the triggering rain (some hours to 1 day), and thus the critical threshold curves (van 461
The changes on the critical rainfall threshold as a consequence of the material depletion 466 are shown in Fig. 7a . There is a shift of the ID curve after two simulations due to the depletion 467 of material in the main channels. However, for the further simulations, the critical rainfall to 468 generate sufficient runoff for a given runout distance until the outlet of the catchment cannot 469 be calculated because of the lack of material to be eroded. After four simulations, the 470 exhaustion of most of this material prevents the generation of debris flow until the depositional 471 fan. As mentioned earlier, this effect is partly a consequence of the limitations of the code as a 472 strong erosion at the toe of the co-seismic landslides at the main channels would lead to their 473 collapse bringing additional material for the next events. 474
Conversely, the effects of the grain coarsening on the rainfall thresholds are much more 475 evident (Fig. 7b) . As expected, the critical rainfall threshold increases with the decreasing of 476 the content of small particles. In other words, the fines of the co-seismic deposits are washed 477 away, over time, and the rainfall necessary to generate sufficient runoff increases. From 22% 478 to 2% of small particle content, we observe a gradual increase of the critical rainfall threshold. 479
This increase is even more accentuated between 2% and 0.1%. This large increase, which 480 relates to the corresponding large increase of (Fig 6) , reveals that the runoff erosion is very 481 sensitive to small changes of the small particles content where this content is very low. 482
For the revegetation of the co-seismic deposits, the evolution of the ID curve is shown 483
in Fig. 7c Grain coarsening has been found to be the most limiting factor for the generation of 531 debris flows, as progressive grain coarsening and the related increase of hydraulic conductivity 532 produce a significant increase of the critical rainfall thresholds. Field observations suggested 533 that the wash-away of the finest soil fraction can be a rather quick process that occurs over just 534 a few years and during a few consecutive debris flows occurring in the 535 same area. This hinders the generation of additional debris flows even though most of the co-536 seismic debris remains in place. On the other hand, our quantification of the influence of the 537 material depletion might be biased by the abundance of co-seismic debris in the selected study 538 area. It also might be underestimated because of limitations of the code, which lacks the 539 modelling of sediment supply from further slope instabilities and entrainment of bed material. 540
Revegetation of the co-seismic deposits seems to have a little influence on debris flow 541 occurrence in the short term, as large increases in soil strength seem only achievable by 542 extensive root systems that take several years to develop. However, it also influences hydraulic 543 properties of the soil, and this was not accounted for in this study. 544
The modelling approach is affected by several limitations, some of which are intrinsic 545 to the simplified nature of numerical approaches in general. The initiation of debris flow by 546 runoff is an underlying hypothesis of the study, made to limit the number of variables and focuson the relative importance of the investigated processes. Obviously, initiation by runoff is not 548 granted in other areas and in time, as it depends on the nature and state of the debris and bed 549 material, its degree of saturation, its water retention behaviour, and its (evolving) hydraulic 550 conductivity (Cuomo and Della Sala, 2013) . Moreover, the relatively small size of the study 551 area, including only one catchment, challenges the representativeness of the results for the 552 much wider Wenchuan earthquake-affected region. However, it is apparent that the modelling 553 approach, regarded as a conceptual, parametric, virtual experiment has been able to identify 554 and rank the first-order controls on the post-earthquake evolution of runoff-generated debris 555 flow occurrence and characteristics in a way consistent with observations and with 556 experimental results from the literature. The approach can be considered as a prototype study 557 to be expanded and improved in studies targeting larger areas and aimed at providing usable 558 insight in post-earthquake debris flow hazard assessments. 559
